Introduction
============

Liposomes have been used successfully as pharmaceutical carriers for anti-cancer agents [@B1],[@B2]. Encapsulating chemotherapy agents in liposomes can reduce non-specific toxicity, and enhance the therapeutic effects of the drug [@B3],[@B4]. Most of the nanoparticles currently being used for the treatment of solid tumors rely on the enhanced permeability and retention (EPR) effect for drug accumulation in the tumor [@B4],[@B5]. This effect allows particles of a specific size range to passively accumulate due to the leaky nature of blood vessels in tumors [@B6]-[@B8]. Doxil^®^, a long circulating PEGylated liposomal form of doxorubicin takes advantage of this effect. PEGylated liposomes circulate for extended durations, which in turn allows for more passive accumulation of the drug in the tumor [@B5]-[@B9]. While the EPR effect can be exploited for the treatment of certain tumors clinically, the success of drug delivery strategies which rely on the EPR effect has been limited. This is due to other factors such as high interstitial fluid pressure, poor vascularization in the tumor, tumor heterogeneity, and poor drug bioavailability [@B10]-[@B13]. Several strategies have been proposed to overcome these limitations including active targeting, and site specific release of nanoparticle-encapsulated drugs, with varying degrees of success [@B14]-[@B18]. Site-specific triggered drug release is of interest as it provides the ability to increase the bioavailability of nanoparticle encapsulated drugs at the tumor site improving the efficacy of the treatment. The use of light to induce enhanced drug deposition is an emerging area of research [@B19]-[@B26]. Such combination of chemotherapy and phototherapy; chemophototherapy, is a developing treatment modality for solid tumors. [@B27] Porphyrins and other tetrapyrroles are promising candidates for phototherapy applications.[@B28]-[@B30] We have recently found that porphyrin-phospholipids are well-suited to be used for theranostic applications, including chemophototherapy [@B31]-[@B40].

It was shown that PEGylated liposomes containing porphyrin-phospholipid (PoP) enable near infrared (NIR) light-trigged drug release and have a significant therapeutic effect on tumor xenografts using different types of PoP including 2-\[1-hexyloxyethyl\]-2-devinyl pyropheophorbide-*a* (HPPH-lipid) [@B31],[@B32] and pyropheophorbide-*a* (pyro-lipid) [@B33]. At a high PoP molar percentage in the liposome bilayer, HPPH-lipid was originally shown to be more effective at entrapping both dyes and the anti-cancer drug doxorubicin (Dox) than pyro-lipid [@B31],[@B34]. However, follow-up studies have shown that pyro-lipid, when used with specific liposomal formulations at lower PoP molar percentage in the bilayer, gives rise to greater serum stability. While liposomes made with pyro-lipid were more stable than HPPH-lipid, the amount of pyro-lipid which could be used while retaining Dox loading capacity was limited by the cholesterol content [@B33]. With lower cholesterol content (i.e. 35 mol. %) Dox could not be loaded into liposomes containing more than 2 mol. % pyro-lipid whereas liposomes made with 45 mol. % cholesterol could be loaded with Dox with up to 8 mol. % pyro-lipid. The exact reason for this trend was not ascertained, however the physical stress imparted on the bilayer due to large Dox exerting physical pressure may be responsible. With high amounts of Dox loading into liposomes, the morphology is known to convert from spherical to ellipsoid [@B41]-[@B43]. This stretching may cause the bilayer of liposomes containing higher amounts of pyro-lipid to become destabilized.

Irinotecan hydrochloride (IRT, CPT-11) is a water soluble topoisomerase I inhibitor which gets converted to its active form SN-38 in vivo [@B44]. Liposomal irinotecan has been shown to be effective. [@B45],[@B46] It is used clinically in both its free and liposomal form [@B47],[@B48]. Unlike Dox, IRT does not form large elongated crystals when actively loaded [@B49],[@B50]. Here we show that, IRT can be loaded in sphingomyelin liposomes and be used for light-triggered drug release and anti-tumor effective chemophototherapy.

2. Methods {#Section2}
==========

2.1 Liposome preparation {#Section2.1}
------------------------

Unless otherwise noted, lipids were purchased from Avanti Polar Lipids, and other materials were obtained from Sigma. 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Avanti \#850365P), cholesterol (Avanti \#700000P), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[methoxy(polyethylene glycol)-2000\] (DSPE-PEG-2K, Avanti \#880120P), and Sphingomyelin (SPM, \# Coatsome NM-10, NOF America) were used. Pyro-lipid was synthesized as previously reported [@B34]. Liposomes were made by dissolving the lipids (100 mg) of the indicated compositions in 1 mL of ethanol at 60°C and 4 mL of 250 mM ammonium sulfate (60°C) was added to the ethanol solution. The liposomes were then extruded 10 times in a high pressure nitrogen extruder (Northern Lipids) using stacked (80, 100 and 200 nm) polycarbonate membranes at 60°C. Free ammonium sulfate and ethanol were removed by dialysis with a 10% sucrose, 10 mM histidine (pH 6.5) solution overnight. IRT (LC Laboratories \# I-4122) or Dox (LC Laboratories \# D-4000) were loaded into the liposomes by mixing the liposomes and drug in the indicated ratios and incubating the solution for 60 minutes at 60°C. For serum stability studies, liposomes were made with either SPM:pyro-lipid:chol (53:2:45), or with SPM:DSPE-PEG2000:pyro-lipid:chol (48:5:2:45), or with DSPC:DSPE-PEG2000:pyro-lipid:chol (48:5:2:45).

2.2 Liposome characterization {#Section2.2}
-----------------------------

Liposome size and zeta potential were measured by dynamic light scattering in a NanoBrook 90 plus PALS instrument. Sizes were measured in PBS and zeta potential in a 1 mM NaCl solution. Loading efficiency was characterized by running the samples through a Sephadex G-75 column and collecting 24 × 1 mL fractions. The loading efficiency was determined by the amount of drug fluorescence in the liposome-containing fractions. IRT fluorescence was measured an excitation of 370 nm and emission of 435 nm using a TECAN Safire fluorescent microplate reader. Stability was tested in 50% bovine serum at 37°C. IRT fluorescence was measured at the indicated time points and the % release was calculated using the formula Release = (F~final~-F~initial~)/(F~TX-100~-F~initial~) × 100%, where F~TX-100~is the fluorescence value when the liposomes are lysed with 0.25% Triton X-100.

2.3 Light release experiments {#Section2.3}
-----------------------------

Release tests were conducted at 37°C in 50% bovine serum unless otherwise noted. Liposome samples were diluted 1000 times and irradiated using a 665 nm diode laser (RPMC laser, LDX-3115-665) at a fluence rate of \~310 mW/cm^2^. IRT release was measured in real time in a fluorometer (PTI) and the percent release was calculated by the formula Release = (F~final~-F~initial~)/(F~TX-100~-F~initial~) × 100%

2.4 Cyro-TEM {#Section2.4}
------------

Holey carbon grids (c-flat CF-2/2-2C-T) were treated with chloroform for \~ 10 hours and then glow discharged at 5 mA for 15 seconds immediately before the application of the sample. IRT- and Dox PoP-liposomes at a concentration of \~20 mg/mL (lipid) were diluted 10x with water. Approximately 4 µL of the diluted preparation were deposited on the electron microscopy grid. Vitrification of samples was performed in a Vitrobot (FEI) by blotting the grids once for 15 seconds and with 0 offset before they were plunged into liquid ethane. Temperature and relative humidity during the vitrification process were maintained at 25 °C and 100%, respectively. The grid was loaded into the FEI Tecnai F20 electron microscope operated at 200kV using a Gatan 626 single tilt cryo-holder. Images were collected in a Gatan K2 Summit direct detector device camera at a nominal magnification 25,000X, which produced images with a calibrated pixel size of 1.45Å. The detector was used in counting movie mode with five electrons per pixel per second with 15 second exposures and 0.5 seconds per frame. This method produced movies containing 30 frames with an exposure rate of one electron per square angstrom per frame. Movies were collected using a defocus range of -1 to -2.5 µm. Frames were aligned using the program alignframesleastsquares_list.exe and averaged into a single micrograph with the shiftframes_list.exe program available from the website of Dr. John Rubinstein. These programs perform whole frame alignment of the movies using previously published motion correction algorithms [@B51]. A de-noising filter using Photoshop was applied to the entire image to obtain the figures shown.

2.5 Animal studies {#Section2.5}
------------------

Procedures performed were approved by the University at Buffalo Institutional Animal Care and Use Committee. 5×10^6^ Mia Paca-2 cells (obtained from ATCC) were injected in the right flank female nude mice (5 weeks, Jackson Labs, \#007850). When tumor volumes reached 5-7 mm in diameter, mice bearing Mia Paca-2 tumors were grouped as follows: 1) Saline, Free IRT, PoP(IRT)-laser, PoP(empty)+laser, PoP(IRT)+laser (n=5-7 mice per group). Mice were injected with 15 mg/kg free IRT, PoP(IRT) or empty PoP-liposomes of an equivalent PoP dose. 10-15 minutes following injection, mice in the +laser groups were treated with a 665 nm laser for 16 min. 40 sec. at a fluence rate of 300 mW/cm^2^. Tumor volumes were measured 2-3 times per week and volumes were calculated using the equation Volume = π×L×W×H/6 where L, W and H represent the length, width and height respectively. The mice were sacrificed when the tumor volume reached 10 times the initial size.

For intravital imaging, female nude mice were injected with IRT-loaded PoP liposomes (10 mg/kg) or co-injected with standard liposomes and empty PoP liposomes for an equivalent IRT or pyro-lipid dose. The mice were anesthetized using isoflurane and one ear of the mouse was treated with a 665 nm laser for 16.4 minutes at a fluence rate of 300 mW/cm^2^. Following the laser treatment both the treated and untreated ears were imaged using a fluorescent microscope (EVOS FL Auto). IRT was imaged using a DAPI filter cube (357 nm excitation; 477 nm emission) and pyro was imaged with a custom filter cube (400 nm excitation; 679 nm emission).

2.7 Statistical analysis {#Section2.7}
------------------------

Kaplan-Meier survival curves were analyzed using Graphpad prism (Version 5.01) software. Groups were compared by Log-rank (Mantel-Cox) test. Differences were considered significant at p \< 0.05. Median survival was defined as the time at which the survival curve crossed the 50% survival point.

3. Results and Discussion {#Section3}
=========================

3.1 Drug loading and release {#Section3.1}
----------------------------

We recently reported a long-circulating stealth liposomal Dox formulation that contained a small amount of pyro-lipid and exhibited similar pharmacokinetics to the pyro-lipid free liposomes, while being effective for chemophototherapy [@B33]. However, there was a maximum amount of pyro-lipid which could be added to the liposomes before Dox loading became impossible. To examine if this phenomenon occurred with irinotecan (IRT), liposomes were prepared with DSPC:DSPE-PEG2000:Cholesterol (molar ratio 60:5:35) and pyro-lipid was titrated in, replacing DSPC. As expected, Dox could not be loaded into liposomes containing more than 2 mol. % pyro-lipid; IRT however did not show such limitations and could be loaded into liposomes containing as much as 15 mol. % pyro-lipid. (**Fig [1](#F1){ref-type="fig"}A**). The NIR light-triggered release of IRT was tested using 2 mol. % pyro, which was previously found to be the optimum for Dox release [@B33]. NIR-induced IRT release was compared to Dox release in 50% serum, and was found to be substantially faster (**Fig [1](#F1){ref-type="fig"}B**). To help understand these differences between IRT and Dox, cryo-transmission electron microscographs of IRT and Dox loaded PoP liposomes comprising DSPC:DSPE-PEG2000:Pyro-lipid:Cholesterol (molar ratio 58:5:2:35) were examined. The images showed that IRT loaded liposomes did not form large elongated crystals like Dox, nor did they have an effect on the shape of the liposomes. Instead, IRT formed precipitates that occupied the entirety of the liposomes core (**Fig [2](#F2){ref-type="fig"}**).

This demonstrates that IRT did not alter the shape of the liposomes. It also suggests that the poor loading of Dox in pyro-lipid containing liposomes is likely caused by destabilization of the bilayer as a consequence of the stretching induced by the formation of Dox crystals. It additionally suggests that the faster release of IRT may be due to more diffused drug aggregates inside the liposome which can dissolve more readily when the liposome bilayer is permeabilized by NIR light.

3.2 Formulation Optimization {#Section3.2}
----------------------------

While the formulation used in the imaging and initial experiments was stable in 50% serum when loaded with Dox, it was not stable when loaded with IRT. To address this, the cholesterol content was increased to 45 mol. % to produce more stable liposome bilayers. However, this did not significantly improve the stability. IRT is known to be prone to poor stability in liposomes [@B44]. One method which has been shown to enhance the stability of drug loaded liposomes is the use sphingomyelin (SPM) in place of DSPC [@B52],[@B53]. To assess the effect of SPM on stability, liposomes made with SPM and DSPC were compared. DSPC liposomes were prepared using DSPC:DSPE-PEG2000:Pyro-lipid:Chol (48:5:2:45), and SPM liposomes with SPM:DSPE-PEG2000:Pyro-lipid:Chol (48:5:2:45). The DSPC liposomes had \>90% loading, whereas the SPM liposomes loaded only \~75% IRT. To verify how the absence of PEG would impact loading, we tested the loading of a PEG free SPM formulation; SPM:Pyro-lipid:Chol (53:2:45). Similar to the DSPC formulation, this formulation showed \>90% loading (**Fig [3](#F3){ref-type="fig"}A**). The stability of the three formulations was compared by incubating the samples in 50% serum at 37°C. The DPSC formulation showed more than 50% release after 3 hours while both formulations with SPM had less than 30% (**Fig [3](#F3){ref-type="fig"}B**). Light triggered release experiments of IRT from these liposomes showed that the PEG-free SPM formulation had the fastest release rate, releasing most of the drug in less than 60 seconds. The PEGylated SPM formulation took 3 minutes to achieve the same results, while the DSPC formulation was significantly slower (**Fig [3](#F3){ref-type="fig"}C**). The observed lag time at the initiation of light-triggered release is likely related to initial disruption of the actively loaded IRT-sulfate aggregates inside the liposomes. Since the PEG-free SPM formulation showed good loading, greater serum stability, and faster release compared to the DSPC containing liposomes it was selected to be used for *in vivo* tests. All of the liposomes had similar sizes and zeta potential with the exception of the SPM:Pyro-lipid:Chol liposomes which had a less negative zeta potential (**Supporting Fig [S1](#SM0){ref-type="supplementary-material"}**). To better understand the release properties, IRT release was tested under various conditions including different serum content, fluence rates and irradiation conditions. The light-triggeed release rate was found to increase with increasing serum concentration, suggesting the presence of serum proteins help to destabilize the bilayer during release (**Supporting Fig [S2](#SM0){ref-type="supplementary-material"}A**). Laser treatment was essential for rapid drug release, with release starting when the laser was applied and stopping when the laser was stopped (**Supporting Fig [S2](#SM0){ref-type="supplementary-material"}B**), a phenomena which has previously been described for PoP liposomes. [@B31] IRT release was also found to be a function of total applied fluence rate, requiring approximately 20 J/cm^2^ to achieve 90% release. (**Supporting Fig [S2](#SM0){ref-type="supplementary-material"}C**)

3.3 Intravascular, light-triggered IRT release {#Section3.3}
----------------------------------------------

We have previously shown that the efficacy of PoP liposomes is due to a combination of an vascular photodamage-related enhanced drug uptake and light-triggered release [@B32]. However, the extent of light-triggered drug release occurring in the vasculature was not determined, as the release rate of Dox was relatively slow. To determine whether or not vascular release was possible with this formulation, we studied the effects of laser treatment on drug release in the ears of mice as this allows for easy treatment and microscope imaging. Nude mice were injected with 10 mg/kg IRT loaded liposomes and treated on one ear. To demonstrate release was a result of laser treatment, IRT fluorescence was monitored in real time. Immediately following injection mice were anaesthetized and placed on the microscope stage and one ear treated with a laser. Mice treated with IRT PoP showed an increase in IRT fluorescence than those treated with Empty PoP + IRT liposomes (\[SPM:Pyro-lipid:Chol\] \[53:2:45\]) when the laser was turned on. (**Fig [4](#F4){ref-type="fig"}A;**[Additional File 2](#SM2){ref-type="supplementary-material"}:**video 1** and [Additional File 3](#SM3){ref-type="supplementary-material"}: **video 2**). Interestingly, this fluorescence decreased over time while the pyro PoP fluorescence remained relatively constant (**Fig [4](#F4){ref-type="fig"}B**). This suggests that the IRT was released from the liposomes and was either diffusing throughout the treated region or being washed out. While there was a difference in the IRT fluorescence between the treated and untreated ears no such difference was observed for pyro (**Supporting Fig [S3](#SM0){ref-type="supplementary-material"}**). Drug release began immediately following the start of laser treatment. This is demonstrated by a significant increase in IRT fluorescence. Over time, the fluorescence levels reached a maximum after which fluorescence began to decrease. After the end of laser treatment, the fluorescence decreased to the levels similar to the initial. However further studies are required to determine if this decrease was due to the IRT washing out or due to photobleaching from prolonged light exposure. It is most likely to be washout as the physiology of the ear vasculature and tissues may not allow for retention of the drug.

To further demonstrate that the increase in fluorescence observed was due to drug release and not liposome accumulation, pyro-lipid free liposomes (\[DSPC:DSPE-PEG2000:Chol\] \[55:5:45\]) loaded with IRT was co-injected with empty PoP-liposomes (\[SPM:Pyro-lipid:Chol\] \[53:2:45\]). The results showed no significant increase in the IRT fluorescence compared to the no laser control (**Figure [S4](#SM0){ref-type="supplementary-material"}** in the [Supporting Information](#SM0){ref-type="supplementary-material"}).

3.4 Chemophototherapy efficacy {#Section3.4}
------------------------------

To study the efficacy of the liposomes nude mice bearing Mia PaCa-2 tumors were injected with 15 mg/mL of free or PoP-liposome encapsulated IRT or equivalent (PoP) doses of empty liposomes and treated 10-15 minutes\' post injection with a 665 nm laser at a fluence rate of 300 mW/cm^2^ for 16 minutes, 40 seconds (300 J/cm^2^). As shown in **Fig [5](#F5){ref-type="fig"}**, mice treated with free IRT (median survival 18 days) showed no significant improvement over the saline control (median survival 17 days), while mice receiving IRT loaded PoP-liposomes with and without laser treatment and empty PoP-liposomes with laser showed statistically significant improvement over the saline control (P\<0.01). Mice receiving laser treatment and IRT-loaded PoP-liposomes showed complete tumor regression in all but one mouse (80% cure rate). Mice receiving only IRT-loaded PoP-liposomes without laser treatment and empty PoP-liposome with laser treatment had median survival times of 29 days and 42 (with 17 % cured) days respectively. There was no statistically significant difference between these two groups; however, there was a significant difference between each group and the IRT loaded PoP-liposomes and laser treatment (P\<0.05). Individual tumor growth curves are shown in **Figure [S5](#SM0){ref-type="supplementary-material"}**in the [Supporting Information](#SM0){ref-type="supplementary-material"}. This demonstrates a synergistic effect between the laser treatment and drug delivery which together produce an overall effective chemophototherapy treatment. Photodynamic therapy is known to be able to enhance the permeability of nanoparticles in tumor vasculature and affect blood flow [@B54]-[@B56]. We have previously shown that both effects are present in tumors treated with Dox PoP-liposomes [@B33] and would expect similar effects to be present in IRT PoP liposomes. The results of the survival study for IRT PoP liposomes are similar to that of Dox PoP liposomes with the empty +laser and Dox PoP -laser having equal efficacy and the Dox/IRT PoP liposomes showing significantly greater efficacy. The improved efficacy of the IRT-PoP +laser can be attributed to a synergistic effect between the drug and the photodynamic effects similar to that previously observed for Dox PoP liposomes. Microscopy images of tumors treated with IRT PoP with and without laser show that tumors receiving laser treatment had a greater and more homogeneous distribution of IRT (**Supporting Fig [S6](#SM0){ref-type="supplementary-material"}**).

Conclusion
==========

We demonstrated that IRT can be loaded into liposomes with higher pyro-lipid content, whereas that was not possible for Dox. This is likely linked to the morphology of the liposomes following loading, and the avoidance of bilayer stretching by IRT. While IRT was loaded effectively into PoP liposomes, IRT loaded liposomes were not as stable as Dox loaded liposomes. IRT has been reported to be unstable in liposomes and strategies are being developed to increase stability and efficacy [@B44],[@B49],[@B50],[@B57]-[@B59]. In this work, we substituted the DSPC used in our previous formulation with sphingomyelin, increased the cholesterol content and omitted PEG. This approach resulted in liposomes with a modest increase in serum stability. Although the liposomes were not highly serum stable, when subjected to NIR light treatment, they rapidly released the drug and effectively suppressed tumor growth. Taken together, we conclude that IRT PoP liposomes are promising for chemophototherapy approaches.
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![**Drug loading and light-triggered release. A)** Pyro lipid was titrated into liposomes consisting of DSPC:DSPE-PEG2000:Chol (molar ratio 60:5:35), replacing DSPC. Using this formulation Dox cannot be loaded above 2 mol. % while IRT does not demonstrate such a limitation. Data represent the average of 3 experiments (Dox data in figure A was adapted from ref. [@B33]) **B)** Light-induced release of Dox and IRT under 665 nm irradiation from liposomes containing 2% pyro-lipid.](thnov06p2329g001){#F1}

![**Effects of drug loading on liposome morphology.**Cryo-TEM images of IRT (top) and Dox (bottom) loaded via an internal ammonium sulfate gradient in PoP-liposomes consisting of \[DSPC:DSPE-PEG2000:Pyro-lipid:Chol\] \[58:5:2:35\]. IRT liposomes show aggregates in the core while Dox shows linear crystals which cause the liposomes to stretch. A 50 nm scale bar is shown.](thnov06p2329g002){#F2}

![**Development of a PoP IRT formulation.**Liposomes were made with SPM:pyro-lipid:chol (53:2:45), SPM:DSPE-PEG2000:pyro-lipid:chol (48:5:2:45), or DSPC:DSPE-PEG2000:pyro-lipid:chol (48:5:2:45). **A)** IRT loading was quantified via gel filtration with a Sephadex G-75 column **B)** Stability tests in 50% adult bovine serum at 37°C. **C)**NIR-induced IRT release in 50% adult bovine serum showed SPM liposomes had faster release rate, with the PEG free formulation releasing the quickest.](thnov06p2329g003){#F3}

![**Intravascular light-triggered IRT release.** Mice were injected with SPM:pyro-lipid:chol liposomes loaded with IRT (10 mg/kg IRT), anaesthetized and treated on one ear with a 665 nm laser at a fluence rate of 300 mW/cm^2^. **A)** IRT fluorescence was measured during treatment in mice injected with both empty PoP-liposomes and PoP-free IRT loaded liposomes (left) or IRT loaded PoP liposomes (right). **B)** Pyro-lipid and IRT fluorescence were also monitored immediately following a 10 minute phototreatment.](thnov06p2329g004){#F4}

![**Kaplan-Meier survival curves for nude mice bearing Mia PaCa-2 tumors phototreated shortly after IV injection.** Mice were IV injected with saline, 15 mg/kg free IRT, 15 mg/kg IRT-loaded PoP liposomes or equivalent PoP doses of empty liposomes. 10 minutes following injection, mice in the +laser groups were treated with a 665 nm laser at a fluence rate of 300 mW/cm^2^ for 16 min. 40 sec. (300 J/cm^2^). Mice were given a single treatment and sacrificed when the tumors grew more than 10 times initial size. n= 5-7 mice per group.](thnov06p2329g005){#F5}
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